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Abstract
Osgood Schlatter’s Disease (OSD) is a disease that results in a painful inflammation of the tibial tuberosity
caused from overuse of the knee as the apophyseal growth plate is continuing to close in adolescence. As
this condition arises from too much tension on a closing growth plate, it is most prevalent in children 8-15
years old, and especially common in athletes. The purpose of this study is to examine the peak patellar
tendon force experienced from a variety of movements common in sport. 30 subjects performed a walk,
run, hop, single-leg hop (SLH), countermovement jump (CMJ), single-leg CMJ, drop vertical jump (DVJ),
single-leg DVJ, drop landing (DL), and single-leg DL on force plates. The single-leg movements were all
measured for each subject’s right leg. Statistical analysis revealed the bilateral DVJ had the greatest amount
of average max patellar tendon force in body weights (BW) of force, followed by DL, CMJ, run, hop, and
walk, respectively. Average Max Patellar Tendon Loading Rate in BW/s, a rate of force per second, also
showed that DVJ values were greatest, followed by DL, CMJ, run, hop, and walk, respectively. DVJ was
the only condition evaluated that showed a significant difference between bilateral and unilateral
movements, according to post hoc analysis. Bilateral movement showed greater average max patellar
tendon force values for the three movements with the greatest force output – DVJ, DL, and CMJ. Coaches,
physicians, athletes, and parents can utilize the study’s findings to modify, or be cautious, of movements
for athletes with OSD, as greater patellar tendon force values might increase the risk of developing OSD
and avulsion fractures of the tibia. The DVJ, DL, and CMJ should be of particular importance when
evaluating motion and proper techniques to reduce force experienced at the patellar tendon, especially for
athletes with OSD.
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Introduction
Patellar Tendinopathies
With advances in technology, like a motion capture system and force plate,
quantifying forces experienced during dynamic movements is now possible. This ability
has great benefits to the sports and orthopedics world, as it has potential to be used in
injury prevention, kinematic analysis, and improved performance. Most of the research
utilizing these instruments has examined total force experienced by the individual’s body,
or of a large segment, like the leg. As a result, many of the findings from these studies
cannot appropriately be translated to smaller parts of the body, like tendons or ligaments.
As tendinopathies, especially patellar tendinopathies, are especially common in
adolescent athletes, it is worth examining the forces acting on the patellar tendon during
sports-related movements. A patellar tendinopathy is inflammation of the patellar tendon.
Patellar tendinopathies are especially prevalent in young athletes and increase the risk of
a partial or complete patellar tendon tear. Additionally, a tibial fracture could occur at the
proximal end of bone, nearest the patella. These fractures, known as avulsion fractures
(Fig. 1), are uncommon, but with enough strain on the patellar tendon, like from
excessive bone growth during OSD, fracture could occur stripping bone with the tendon.
This will usually require surgery and can take many months to recover from.
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Figure 1. An avulsion fracture of the tibial tuberosity

Osgood-Schlatter Disease
Osgood-Schlatter Disease (OSD), also known as an apophysitis of the tibial
tuberosity, is a painful inflammation of the knee. An apophysitis is an inflammation
surrounding the area of a growth plate. A protrusion of the tibial tubercle is a common
symptom of the inflammation (Kabiri et al. 2014) (Figure 2). The inflammation occurs
from overuse of the quadriceps while the growth plate is still closing. As the quadriceps
is contracted, the patellar tendon, which connects the patella and tibia, pulls on the
growth plate adjacent to the tibial tuberosity (Figure 2). As the growth plate is still
closing, the tibial tuberosity will become inflamed with overuse (Georgieva et al. 2015).
The development of OSD is most common in children between the ages of 8-15 years
old, and particularly prevalent in adolescent athletic boys (Nakase et al. 2015). The
prevalence seen in athletes is likely due to frequency of quadriceps contractions during
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their respective sports. Some studies show that the load on the tibial tuberosity may
increase the risk of developing OSD, suggesting children who are athletes and
overweight bear the greatest risk of developing the disease (Itoh et al. 2018).

Figure 2. Osgood-Schlatter Disease (OSD) presents with abnormal bone growth at the tibial tuberosity, just
inferior to the patella.

OSD Treatments
Several physical interventions for OSD have been suggested, including stretching,
strengthening, knee orthotics, iontophoresis, and client education (Kabiri et al. 2014).
Strengthening and stretching could be used as interventions for addressing limited
flexibility and decreased strength in the quadriceps associated with the leg affected by
OSD. OSD is associated with decreased quadriceps femoris flexibility compared to
individuals that do not have OSD. Furthermore, hamstring flexibility has been shown to
be decreased, as a result of decreased strength during knee extension (Nakase et al.
2015). The loss in flexibility from OSD makes stretching the leg a possible treatment
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option, and has been recommended by many physicians (Wall, 1998). Client education
on the disease, and rest, is the most used intervention for those suffering from OSD
(Gholve et al. 2007). As a result, our study will seek to provide specific recommendations
related to rest and client education treatment modalities.

Joint Biomechanics and Angular Impulse
Not all movements common in sport will result in equal amounts of force about
the knee joint. Biomechanical studies have shown that depending on the type of
movement, jumping verses landing, for instance, force experienced at the knee may be
larger or smaller (Radakovic et al. 2021). This, too, is dependent on a number of factors
like the subject’s weight, knee and hip angle, foot position, etc. Even the type of shoe
worn has been shown to affect knee joint forces (Bonacci et al. 2018).
One measure to evaluate the force that the knee receives during a movement, such
as jumping or abruptly cutting, is angular impulse. Angular impulse is the product of
torque, angular equivalent of force, and the time of its duration. Itoh et al. (2018) tested
the angular impulse during various motions thought to lead to OSD, including running,
jump landings, kicking a soccer ball, run stops, and cutting. The motions displaying the
greatest angular impulse were jump landing on a single leg and the cutting motion. This
makes sense, as OSD is common in sports with these motions, i.e. soccer and basketball,
which are sports with the highest association of OSD (Georgieva et al. 2015). This study
also suggests greater angular impulse at the knee may be a risk factor for developing
OSD.
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For those who have OSD, participating in activities with a great angular impulse
on the knee may also be at risk for developing a tibial tuberosity avulsion fracture (Zaizi
et al. 2019). Tibial tuberosity avulsion fractures are uncommon but can result from
significant quadriceps contraction during leg extension causing a failure of the insertion
point of the patella tendon on the tibial tuberosity (Agarwalla et al. 2018). It is suggested
that motions with greater angular impulse at the knee increase the risk for these fractures;
therefore, athletes participating in sports with repeated jumping and cutting motions have
a greater risk for developing OSD and a subsequent tibial tuberosity avulsion fracture.
However, angular impulse does not directly assess force through the patellar tendon,
which is the specific area of concern for OSD. Instead, other biological tissues, such as
ligaments, tendons, and other soft tissues would share the angular impulse requiring a
more exact measure to determine patellar tendinopathy risk.

Patellar Tendon Force
As we are focusing on the forces experienced at the patellar tendon, it is important
to solve for the peak patellar tendon force (PPTF). This will be done utilizing the
relationship between force (F), torque (τ), and moment arm (r), (τ = Fr). Torque values
are estimated from collected kinematic and kinetic data, but the moment arm of the
patellar tendon cannot be determined from motion capture technology alone. The system
can determine knee joint angle, which can then be paired with patellar tendon moment
arm data from cadaver kinematic studies (Herzog and Read, 1993). This study seeks to
specifically estimate forces at the patellar tendon of the knee. One of the main
contributors to this force magnitude is the knee extensors muscles, such as the rectus
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femoris, vastus lateralis, and vastus intermedius to extend the knee. The patellar tendon
transmits the forces they generate from contraction pulling on the tibial tuberosity. With
consistent force transfers of great enough magnitude, a patellar tendinopathy can occur.
A countermovement jump (CMJ) illustrates the movement and role of the patellar
tendon well. The individual begins standing erect. Then, they load into a squat and
explode through the floor to jump vertically. At the very bottom of the squat position,
when the individual begins pushing through the floor for a vertical jump (VJ), the
muscles of the quadriceps, i.e. rectus femoris, vastus lateralis, and vastus intermedius,
contract. The contraction, predominantly of the rectus femoris, pulls on the patellar
tendon where the quadriceps muscles merge, distally, into the patellar tendon. Excessive
force on the patellar tendon as a result of knee extension can lead to patellar
tendinopathies. Dancers who have been diagnosed with patellar tendinopathies have been
shown to display greater peak vertical ground reaction forces on landing from a jump
than dancers without a patellar tendinopathy diagnosis (Fietzer et. al 2012). While it is
not clear that it is a patellar tendinopathy that causes greater peak vertical ground reaction
forces or if greater peak vertical ground reaction forces cause patellar tendinopathy, it is
hypothesized by the researchers that increases in peak patellar tendon force led to patellar
tendinopathy.
The purpose of this study is to examine the peak patellar tendon force experienced
from a variety of movements common in sport. For adolescents with OSD, movements
with high patellar tendon force values may increase pain and/or risk of avulsion fracture,
and therefore, this information can be used to inform the rest and education treatment
modalities. A larger angular impulse has been seen with drop landing (DL) movements.
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Additionally, previous studies have shown a single leg drop landing (SLDL) elicits
higher amounts of force for the knee than running, walking, cutting, and other jumping
tasks (Itoh et al. 2018). For these reasons, we hypothesize that a single leg drop landing
(SLDL) will produce the greatest force at the patellar tendon, and therefore, may be a
movement prone to increase the risk of developing OSD in young athletes.

Methods
Participants
A cross-sectional study of 30 young adults aged 18-35 years will be analyzed.
Inclusion criteria was typically developing young adults. Exclusion criteria included any
neurological, muscular, or cognitive disorder, or any current or previous injuries that
could be made worse by running, jumping, or landing. Females who are or believe they
may be pregnant were also excluded from the study due to the impacts on the body
during landing and jumping tasks.

Study protocol
The patellar tendon force will be estimated while participants performed running,
walking, countermovement jump (CMJ) with one and both legs, drop landing (DL) with
one and both legs, drop vertical jump (DVJ) with one and both legs, and hopping with
one and both legs. For each of the single leg attempts, it was performed on the subject’s
right leg. The CMJ begins with the subject standing erect. The subject then moves into a
squat, extending their arms, before pushing through the ground and performing a vertical
jump (VJ), utilizing the momentum of their arms. The DL begins on a 30cm box. The
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subject steps off and lands on the force plate with either the right leg or both. The DVJ
begins like the DL, on a 30cm box, stepping off and landing, but then moving directly
into a CMJ. Each subject completed each movement 5 times, for both bilateral and
unilateral trials. All trials were completed in one session. Each subject was instructed to
perform each movement according to their descriptions, with the right foot hitting a force
plate (Bertec, Columbus, OH). For the running attempts, subjects were told to run at
approximately 75% of max speed. Subjects were not allowed to visually analyze their
motion after each trial, and there was roughly a 30-second rest period between trials. A
Vicon motion capture system (Oxford, UK) collected position data of the pelvis and right
leg. A Bertec force plate collected ground reaction force data during the performance of
the movements.

Data analysis
The kinematic data was used to estimate the knee joint angle for each subject
during each movement trial. As we are examining the force experienced at the patellar
tendon, the knee joint angle is of particular focus. Markers on the pelvis and along the
right leg defined a thigh and shank segment. An inverse dynamics approach was used to
estimate the flexion/extension torque, or moment, about the knee joint. Cadaver data
from Herzog and Read was used to estimate patellar tendon moment arms given knee
joint angle. To measure the moment of arm of the patellar tendon, the researchers flexed
the knee of cadavers through a full range of motion, then measuring from the patellar
tendon to the axis of rotation of the knee joint. The sagittal plane was examined for each
cadaver (Herzog and Read, 1993). From the data obtained, polynomial regression
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equations were given to represent the patellar tendon moment arm at given knee joint
angles. Patellar tendon force (F) was then estimated based on the moment about the knee
(τ) and the expected moment arm of the patellar tendon (r) (Eq. 1).
𝐹=

𝜏
𝑟

Eq. 1

The peak knee flexion angle, peak patellar tendon force (PPTF), time to peak patellar
tendon force (TPPTF), and loading rate were calculated. PPTF and loading rate were
normalized by subject specific bodyweight (BW).

Statistical analysis
PPTF will be compared across movements using a one-way repeated measures
ANOVA. Statistical analysis of PPTF to compare bilateral and unilateral variations of
each movement will be achieved by using a two-way repeated measures ANOVA. A
post-hoc analysis was used when necessary to determine if there was a significant
difference between movements and bilateral vs. unilateral variations. JASP statistical
software was used to run all statistical tests. We set our statistical threshold to p<0.05.

Results
Only 26 of the 30 subjects were included in the statistical analysis and data
evaluation process. The 4 subjects omitted from the data were lost due to technical
difficulties with data collections. The polynomial regression curve related knee joint
angle and patellar tendon moment arm showed that at around 120 degrees of knee
flexion, the moment arms approach zero and then went to negative values. Moreover,
Herzog and Read analyzed cadaver patellar tendon moment arms to 120 degrees of knee
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flexion. As a result, we used a cut-off criteria of 120 degrees of knee flexion, excluding
PPTF values estimated moment arms for knee flexions greater than 120 degrees.

Figure 3. Regression curve shows that moment arm of the patellar tendon decreases with increases in knee
flexion. For this data set, knee flexion around 120 degrees resulted in a moment arm approach zero and
negative.
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Figure 4. At more than 120 degrees of knee flexion, patellar tendon force values become biologically
implausible, reaching more than 1000N of force.

Mean max knee joint angle was greatest for the DVJ with 98.46 degrees of
flexion, followed closely by CMJ and DL with 90.88 and 89.34 degrees of flexion,
respectively (Figure 5). The hop, run, and walking tasks were significantly different from
DVJ, CMJ, and DL, with knee joint degrees of flexion around 40 (Figure 6). Comparison
of bilateral to unilateral kinematics for the hop, DVJ, CMJ, and DL showed that bilateral
movements exhibited greater amounts of knee flexion for the DVJ, CMJ, and DL, while
for the hop, amount of knee flexion was nearly identical for unilateral and bilateral types.

Mean Max Knee Angle Across a Range of
Movements

Knee Angle (degrees)

120
100
80
60
40
20
0
Hop

CMJ

DL

DVJ

Run

Walk

Figure 5. Mean max knee angle for each unilateral movement analyzed for the 26 subjects.
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Bilateral vs Unilateral Mean Max Knee Angle
Across a Range of Movements
Knee Angle (degrees)

120
100
80
60
40
20
0
Bilateral Unilateral Bilateral Unilateral Bilateral Unilateral Bilateral Unilateral
Hop

CMJ

DL

DVJ

Figure 6. Mean max knee angle for each movement, that has bilateral and unilateral trials, given type
(bilateral vs unilateral) of the task.

Mean max patellar tendon force, the focus of the four conditions measured, showed that
DVJ had the greatest amount of patellar tendon force, at 35.60 BW of force. DL and CMJ
were the next highest, with 20.31 and 15.40 BWs, respectively (Figure 7). Post hoc
analysis showed significant differences between the DVJ and every other movement.
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Figure 7. Mean PPTF for each unilateral movement.

The two-way ANOVA showed that the bilateral DVJ, at 35.60 BW, had a significantly
greater mean max patellar tendon force compared to unilaterally, at just 10.06 BW of
force. DVJ was the only task that showed a significant difference within its type. Bilateral
DL and bilateral CMJ were the next two highest force values at 20.31 and 15.40 BW of
force, respectively (Fig. 8).
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Figure 8. Mean PPTF for each bilateral and unilateral movement.

Discussion
The hypothesis that the unilateral DL would exhibit the greatest mean max patellar
tendon force was not supported by the data’s findings. However, a biomechanical
perspective may give reason to this finding. The DL begins with the subject standing on a
box 30cm above the ground. The subject then steps off and lands on the ground – with
both legs for bilateral trials and on the right leg, only, for unilateral trials. The CMJ
begins with the subject standing erect on the ground, then loading into a squat and
exploding into a VJ with arms reaching as high as they can go. If we consider the DVJ,
the movement with the greatest mean max patellar tendon force and loading rate, it is,
from a mechanical perspective, a combination of the DL and CMJ. Beginning on a box
30cm off the ground, the subject steps off, lands, loading straight into a squat, and finally,
exploding into a VJ with arms reaching as high as possible. Our data aligns with the view
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of the DVJ as a combination of the DL and CMJ. The mean max patellar tendon force
value for the DVJ was 35.60 BW of force, while the DL and CMJ were 20.31 and 15.40
BWs, respectively. Quantitatively, the sum of the patellar tendon force of the DL and
CMJ roughly equals that of the DVJ.
Bilateral movements, aside from the hop, presented the greatest mean max patellar
tendon force and loading rates, contrary to the stated hypothesis. A possible explanation
for this is in considering stability on one leg versus two and that effect on the following
force development. Bilateral DVJ was shown to produce nearly 25 more BW of force
than the SLDVJ. We consider this may be due to a lack of stability during the landing and
loading phase of the DVJ, after the DL portion. If the subject does not feel stable through
this phase of motion, they may be unable to generate considerable amounts of force
during the explosion phase, before the VJ, as a result of lack of sufficient knee flexion. It
can be challenging to achieve the same level of knee flexion when landing on one leg
than on both, and more knee flexion may result in greater force generated for the VJ
component of the DVJ (Ghedini et al. 2014). Additionally, the VJ component of the
SLDVJ will be at a disadvantage compared to a bilateral DVJ, as two legs can produce a
higher vertical jump displacement than one (Pain, 2014). Quantitatively, this is what was
found, though it cannot be concluded that it was due to lack of stability alone, and further
research into the effect of perceived stability in relation to vertical jump displacement is
needed. Another reason for our hypothesis being that a single leg would present greater
amounts of force at the patellar tendon, is because one leg receives the full force of the
body instead of both legs distributing it between them. However, while that may be true,
the same reasoning leads us to believe that two legs, bilateral trials, can produce a greater
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amount of force through the explosion phase. Perhaps, then, the ability to produce a much
larger amount of force, translated to force experienced at the patellar tendon, is greater
than the loss in force due to bilateral landing instead of unilateral landing of the DVJ.
This is an area that needs further research to confirm.
While we found that the bilateral DVJ produced the greatest patellar tendon force,
previous studies, using angular impulse, have found the single-leg drop landing to
produce the greatest force; however, this force value is total BW of forced produced, not
specific to the patellar tendon (Itoh et al. 2018). We pointed to the same study as rationale
for the hypothesis that the SLDVJ would produce the greatest patellar tendon force,
though it is clear total force output does not necessarily translate to force the patellar
tendon experiences during a movement. There still seems to be some lack of consistency
in results of ground reaction forces experienced for single-leg and double-leg movements.
While this study found that bilateral movements produced greater mean PPTF, and others
have found that bilateral involvement result in greater force output (Arnwine et al. 2020),
others have found that certain tasks, specifically landing tasks, display a smaller vertical
ground reaction force for double-leg trials than single-leg (Itoh et al. 2018). Clearly, more
research is needed to evaluate PPTF for single-leg vs double-leg tasks, as most studies
have not looked at the patellar tendon force experienced, but rather total force output for
each movement analyzed.
One potential limitation of this study was that the subjects that participated in this
study were excluded only if they had current musculoskeletal injuries or conditions, but
past history of OSD was not taken into consideration. A history of OSD may alter the
subject’s landing pattern as a result of decreased quadriceps and/or hamstrings strength
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and flexibility (Nakase et al. 2015). As a result, knee joint moment and angle may be
greater than or less than that of a typically forming individual, therefore, affecting their
PPTF. Additionally, many individuals with OSD have significant bone growth anterior to
the tibial tuberosity. This bone growth has potential to strain the patellar tendon enough
to significantly affect its moment arm, and therefore, PPTF. Research involving subjects
recently diagnosed with OSD (within 6 months) should be examined. Another potential
limitation of this was that all subjects were at least 18 years of age, adults. OSD
formation and diagnosis usually occurs in adolescents age 8-15 years (Nakase et al.
2015). Puberty occurs around the same time, a time of significant muscular and skeletal
development (Ashby et al. 2011). These increases in musculoskeletal development may
translate to changes in biomechanics that affect PPTF. Moreover, while we estimated
PPTF during specific movements it is unclear if the pain experienced by individuals with
OSD would align with those movements with the greatest PPTF. Future research should
look into the subjective experience of pain for those with a recent OSD diagnosis when
performing similar movements to see if PPFT is correlated, and possibly causal, to pain at
the site of abnormal bone growth.

Conclusion
Young athletes, especially those with a tibial growth plate yet to close, are at an
increased risk of developing patellar tendinopathies, like OSD. While there is limited
research examining patellar tendon force experienced across bilateral and unilateral
movements, increases in force likely increase the risk of OSD development, or pain
experienced for those with recent diagnosis (Agarwalla et al 2018). We examined the
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PPTF, primarily, for sport-related activities, both bilaterally and unilaterally, and found
that a bilateral DVJ produce greater amounts of force at the patellar tendon than walking,
running, hopping, DL, or CMJ. Practical applications of these results connect with
popular treatment recommendations among clinicians being rest and client education
(Kabiri et al. 2014). Athletes with recent OSD diagnosis may choose to refrain from
movements similar to a DVJ for a few months, or until pain subsides. Furthermore, as we
found bilateral involvement increased PPTF, this is particularly important for those
adolescents engaged in sports where a double-leg jump is common.
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